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In several metals the process of recrystallization is accompanied 
by a change in the orientation of the recrystallized material with re-
spect to the cold rolled material. If the change is sufficiently large, 
the changing position of the crystals can be determined by measuring the 
change in the intensity of the characteristic Bragg-reflection with a 
Geiger counter x-ray spectrometer. Recent determinations of the activa-
tion energies of copper and a 50/50 iron-nickel alloy have been made by 
using this x-ray technique. Both of these metals show a decided shift 
in the orientation as the material is recrystallized. 
Silver was examined to find out the possibilities of application of 
this x-ray technique to metals with a more complex textural change. It 
is known that the crystalline texture in severely cold rolled silver can 
be described by saying that the [112] direction of the face centered cubic 
crystal is aligned approximately in the rolling direction and that faces of 
the form (llO) lie approximately in the rolling plane. en complete re-
crystallization the (112] direction aligns itself approximately in the 
cross rolling direction and faces of the form (113) lie approximately in 
the rolling plane. This shift in the orientation from the cold rolled 
to the recrystallized state is a fair indication that the above mentioned 
x-ray technique could be applied to silver for the deter.mination of its 
activation energy of recrystallization. 
Since recrystallization is not an instantaneous process, it may be 
stopped at various stages of its progress and the change in orientation 
determined by accurately measuring the change in the intensity of the 
x-ray lines. A plot of time versus percent recrystallization can thus 
2 
be made. By determining these recrystallization rate curves at several 
temperatures, the activation energy of the process can be calculated. 
In this examination five different temperatures of recrystalliza-
tion were employed and sufficient number of samples were prepared to 
follow the course of recrystallization completely by measuring the 
changes of x-ray line intensities at various stages. Although (220) 
and (113) line intensities were measured, the calculations were based 
on (113) line measurements, while (220) line measuremEnts were used as 
a check for the (113) line values. 
Silver of 99.97% purity was used in this investigation. Since the 
recrystallization process is considerably affected by impurity content, 
the results of this investigation apply o~y to silver of a similar 
composition. This metal after 96.55% cold rolling was found to yield a 
value of 24.1 :t 1.5 Kcal/gm mole as its activation energy. 
3 
REVIEW OF THE LITERATURE 
One of the earliest systematic investigations on the recrystalliza-
tion in rolled si.Lver was made by R. Glocker and E. Kaupp1 in 1924. By 
1 Glocker, R. and Kaupp, E., Observations of the course of recrystal-
lization of silver by x-rays, z. Metallkunde, Vol. 16, p. 377-379, 
1924. 
making Laue patterns they found that in the case of severely cold rolled 
silver sheet, a ccmpletely random orientation of the crystallites was not 
produced even after a prolonged annealing at 150°C. While it took many 
hours at 700°C to produce such an orientation, nevertheless such a change 
was effected in only 10 minutes at 850°C. The rate of recrystallization 
at the lower temperatures was found to increase with the amount of deform-
ation which the metal had undergone. 
The four years that followed this publication were marked by a great 
deal of activity in this field on the part of Glocker, Widmann, and Kaupp. 
These investigators explored many phases of the recrystallization process 
of silver and also of copper and aluminum. 
In 1925 R. Glocker, E. Kaupp, and H. Widmann2 made a study of the 
2 Glocker, R., Kaupp, E., and Widmann, H., The recrystallization of 
rolled plate silver, Zo Metallkunde, Vol. 17, P• 353-357, 1925. 
recrystallization of rolled silver plate by making Laue patterns and 
photomicrographs. They found that in the case of 99.7% silver, the 
crystallites obtained by annealing up to 200°C were extraordinarily small, 
but at 212°C a considerable change took place and a large increase in 
newly formed crystals was indicated. Up to 700°C no further change was 
observed. At 850°C the number of particles seemed to be greatly in-
creased and at 910°C complete transformation into the random orienta-
tion had taken place. 
In 1927 Widmann reported3 that in cold rolled silver and copper 
3 Widmann, H., Recrystallization of silver and copper, z. Physik, 
Vol. 45, p. 200-224, 1927. 
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plates characterized by high degree of rolling (99%), a regular recr.ystal-
lization orientation of the crystallites was observed in the case of low 
annealing temperatures prior to the incidence of the random orientation 
characterizing higher annealing temperatures. With less highly rolled 
sheets (75% and 90%) a random orientation of the crystallites occurred 
inunediately. Impurities were found to have great effect on the recrys-
tallization temperature. 
In another publication in the same year, Widmann and Glocker4 re-
4 Glocker, R. and Widmann, H., Recrystallization process in silver, 
copper, and aluminum, z. Metallkunde, Vol. 19, p. 41-43, 1927. 
ported as follows: "~ben metals are extensively rolled, a definite 
crystallographic plane generally lies parallel to the plane of the rolls. 
Investigations on silver, copper, and aluminum show that three different 
transition forms can be distinguished in the alteration ot the crystal-
lite position during recrystallization. 
11i. The directed crystallite position of the rolled plate, desig-
nated as the deformation position. 
"ii. From the directed crystallite position of the rolled plate, 
a new directed position is formed first .which is designated the recrystal-
5 
lizatian position. The recrystallization position formed from the direct-
ed rolled position is stable even under heat treatment up to the melting 
point. 
11iii. An irregular orientation can be formed directly from the di-
rected rolled position by heat treatment without an occurrence of the 
'recrystallization position'. The first form occurs in rolled silver 
plate, the second in many types of copper. With rolled silver plate ir-
regular orientation is irrmediately evident. It is thought that this is 
possibly caused by contamination with Fe. 
"Small percentages of impurities generally exert considerable influ-
ence upon the recrystallization phemomenon. Addition of 0.1% copper to 
pure silver raises the recrystallization temperature 40°; 0.2% raises it 
65°C. Addition of 0.05% iron lowers the recrystallization temperature 
from l50°C to room temperatureo" 
In 1930, R. Karnop and G. Sachs5 made a study of the kinetics of 
5 Karnop, R. and Sachs, G., Kenetics of recrystallization, z. Physik, 
Volo 60, 46~-480, 1930. 
recrystallization processes in copper and aluminum. They developed a re-
lation between the number of grains, velocity of growth, degree of mechan-
ical de£ormation and annealing temperature. 
In 1932 G. Tammann6 collected and compared the available data on the 
6 Tammann, G., Recovery following cold-work in metals, z. Metallkunde, 
Vol. 24, 220-223, 1932. 
change in properties such as Brinell Hardness, electrical resistance, 
magnetic susceptibility, and thermo-electromotive force, upon heating cold 
6 
worked copper, silver, gold, aluminum, iron, nickel, pladium, and plat-
inum.. 
As is evident from this survey of the literature, no attempt was 
made to calculate the activation energy of the recrystallization process. 
It w~s anly in 1935 that J. A. M. Van Liempt7 established an empirical 
7 Van Liempt, J. A. M., Calculation of the heat of relaxation of 
metals from recrystallization data, z. Physik, Vol. 96, P• 534-541, 
1935. 
_equation for the calculation of the heats of relaxation of recrystalli-
zatian of metals from recrystallization data. He showed that the heat of 
rel.a.xation "Eu of a metal can be calculated from the equati<Xl 
E = 4.6c ~ l200B 
where "c" denotes the recrystallization constant and "B" is the degree of 
physical deformation characterizing recrystallization. 
In 1943 Ryukuchi Hashiguchi8, by a statistical consideration quite 
8 Hashiguchi, Ryukuchi, The energy of activation in the recrystalli-
zation of worked metals, J. Central Aeronaut Research Inst., 
Vol. 1, p. 189-193, 1943. 
free fram the theory of plastic deformation, developed a new explanation 
of recrystallization. Recrystallization was considered the per.mutation 
of the positions occupied by the atoms, so that the energy. should be that 
necessary for the atoms to diffuse themselves. Thus the energy of acti-
vation in recrystallization must be equal to the energy of self diffusion. 
Hashiguchi determined that the energy of activation of recr.ystallization 
calculated from the experimental data of Karnop and Sachs agreed with the 
energy of self diffusion of copper at a working temperature of 0°C. 
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Up to the late forties the process of recrystallization had been 
ordinarily studied by determining the temperatures required for complete 
recrystallization to occur within a given arbitrary time period, usually 
within 15 minutes to 2 hours. As is evident, the data thus obtained does 
not show the time variable. It was only in recent years that serious 
thought was given in this direction and quite a few studies made of iso-
thermal recr,ystallization as a function of time, which permits the calcu-
latian of activation energies for this process. 
In case of rolled copper, the calculations of activation energy of 
recovery and recrystallization were made by Maurice Cook, T. L. L. Rich-
9 10 
ards, and N. Thorley • 
9 Cook, M. and Richards, T. L. L., Observations on the rate and 
mechanism of recrystallization in copper, Jour. of the Inst. Met., 
Vol. 73, p. 1-31, 1947. 
10 Thorley, N., Calculation of the activation energies of recovery 
and recrystallization from hardness measurements on copper, J. 
Inst. Met., Vol. 77, p. 141-161, 1950. 
The course of recrystallization was followed by measuring the pro-
gressive changes in the hardness values of the metal from the cold rolled 
to the annealed state. 
L. I. Kogan and R. I. Entin11 made a study of the kinetics of re-
11 Kogan, L. I. and Entin, R. I., Kinetics of recrystallization of 
Alloyed Iron, Thur. Tech. F. 12, Vol. 20, 629-632, 1950. 
crystallization in Fe and Fe alloy. By making x-ray patterns, the time 
for start of the recrystallization at different temperatures was deter-
mined. The log of the length of time elapsing until the beginning of the 
recrystallization, was plotted against the reciprocal of temperature. 
This plot was a straight line, from which the value of the activation 
energy was calculated. 
In the case of rolled silver, the determination of the activation 
energy has been made by 1~arian Balicki and Goldye Leeds12 • They con-
12 Balicki, :k. and Leeds, G., 'Nork hardening-reannealing cycle of 
Pure Silver, J. of Metals, Vol. 981, November 1951. 
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ducted isochronal ap~ealing experiments employing determinations of proof 
stress, elongation, ultimate stress, and stuqy of microstructures for 
pure silver after different degrees of cold working. (Cold drawing) 
The calculation of the activation energy was based on the expression: 
_L 
log 1-x = 
A 
cte RT 
In this expression, "x" is the fraction of a unit volume of work-hardened 
metalsample which has fully recrystallized on subsequent reannealing, "T" 
is the absolute temperature of annealing, "t" is the time of annealing in 
hours, "A" the activation energy, "c" the frequency constant, and "R" is 
the gas constanto 
For a metal having the same composition and history, the values of 
"A" and "c" are constant. To determine the numerical value of "A" plots 
of log log r:x versus ~ were prepared. The measurements of "x" were made 
by measuring changes in physical properties during recrystallization. 
Silver of 99.99% purity, after 95% cold working yielded an activa-
tion energy of 14 ± 4 Kcal/gm mole. 
The fact, that the process of recrystallization in several metals 
is accompanied by a change in the orientation of the crystallized mater-
ial, has been made use of in devising a unique technique for following 
the course of recrystallization in copper and 50/50 iron-nickel alloy 
9 
by B. F. Decker, D. Harker1 3, and William Seymou~4. They used a Geiger 
13 Decker, B. F. and Harker, D., Activation Energy for Recrystalliza-
tion in rolled Copper, J. of Met., Vol. 887, June 1950. 
14 Seymour, w. E., and Harker, D., Recrystallization Reaction Kinetics 
and Texture Studies o:f a 50/50 Iron-Nickel Alloy, J. of Met., 
Vol. 1001, Aug. 1950. 
counter x-ray diffraction spectrometer to measure the intensities of 
different Bragg reflections. The degree of recrystallization in any 
partially recrystallized specimen was calculated by comparing the inten-
sity of its characteristic Bragg-reflection with the intensity of a si~ 
ilar reflection from a completely recrystallized specimen. 
In the present investigation for the calculation of the activation 
energy of cold rolled silver, the x-ray diffraction technique, similar 
to that of Decker, Harker, and. Seymour, has been employed. 
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DISCUSSION OF P~Si!J'~T STUDY 
Effect of cold work on metals: 
The atoms in an annealed metal are in a continuous state of thermal 
vibration about mean positions that are syrrmetrically disposed on a cr,ys-
tal structure. Apart from ·relatively minor imperfections, this is a geo-
metrically perfect arrangement. 
The perfection of arrangement however, is grossly altered by defor-
mation such as is produced by cold rolling, compression, etc. Such defor-
mation produces fundamental structural changes in the metal. At low de-
grees of deformation slip lines appear in those grains in which the slip 
planes are most favorably oriented for yielding under the resolved shear 
stress; in metals which form mechanical twins, twin bands also appear. 
As the degree of deformation becomes greater, slip lines appear in an in-
creasing nwnbt:r of grains, the grains tend to rotate, the crystal planes 
to b ecoirle curved, and the grains to become sensibly elongated in th~ direc-
tion of the flow. It is a result of the fact that the directions in the 
crystal grain by which flow can take place during deformation are deter-
mined by crystal symmetry and are therefore not random, that cold and hot 
deformations are accompanied by the generation of preferred orientations 
which rr~y be described in crystallographic terrr~. 
Orientation of crvstals in cold rolled silver: 
Silver when strongly colu rolled has a well defined crystalline tex-
ture2 which can be described by saying that the (112] di~ection of the face 
centered cubic crystal is aligned approxin.ately in the rolling direction 
and that faces of the form (110) lie approximately in the rolling plane. 
ll 
Recrystallization: 
When a cold worked ~etal is heated ~o a sufficiently high tempera-
ture, or for a sufficie.ntly long time at a somewhat lower temperature, 
nuclei of new grains, essentially strain free appear and grow. As the 
process proceeds nuclei continue to appear ~d grow, until the cold worked 
matrix has been entirely consumed. This is recrystallization. As is evi-
dent this process is not instantaneous. The rate at which each operates 
increases with increasing temperature, following an exponential law. Vhen 
the temperature to which a cold -worked metal is subjected is sufficiently 
high, this process operates with such rapidity as to appear to be instan-
taneous, but at lower temperatures the time dependence is readily detected. 
Recrystallized metals, like cold worked metals, can exhibit preferred 
orientations, though th~y may not be identical wi.th those which character-
ized the cold ~orked metal before recrystallization. 
Orientation of crystals in recrystallized r olled silver: 
In t he case of silver t he recrystallizati on texture2 can be described 
by saying that [Ll~ direction of the face centered cubic crystals is 
aligned approximately in the cross-rolling direction and that faces of the 
form (11.3) lie approxi..mately in the rolling plane. At intennediate stages 
between .cold rolled and completely annealed states, silver f .::>il contains 
both the textures that is (110) [ll~] and (113) [112] 
X-ray diff r action method f or fol l owing the course of recrystal lization: 
I:f a Gei ger counter x-ray diffraction s pectrometer is s e t up so as 
to measure the intensity of the a bove mentioned Bragg reflectio~s from 
the rolled sur face of a piece of silver strip , (113) int~nsity increases 
12 
from a very small value in the cold rolled state to a max.i.rr~u.11 as the sr·ec-
imen is annealed. In vievw of this fact, the amount of material in a spec-
imen which has partially recrystallized c~~ be measured by comparing its 
reflection intensity with the intensity from a similar specimen after com-
plete armealing. 
In the work to be described here the amounts of recrystallized mater-
ial in partly annealed rolled silver specimens were deter.w~ned in this way. 
Activation Energy: 
According to Cook, 1:. and Richards, T. L. L. 9, ttit is considered that 
the lattice of a metal in the severely cold worked condition is highly dis-
torted and has a high distribution density of atomic dislocations. Reduc-
tion of lattice distortion, or what may be . called 'recovery' will occur by 
a reduction in the density of distribution of atomic dislocations. This 
process will take place by the activation of a dislocation, so that there 
is some local atomic rearrangement in which the dislocation is displaced 
by a simple or complex slip mechanism until it is halted by a neighboring 
dislocation of opposite sign so that both vanish. Recovery then may be 
looked upon as a process of atomic rearrangement of very restricted range. 
~~ ~~~hen recovery is well advanced there will be a much sparser distribu-
tion of atomic dislocations, and if one of the remaining dislocations is 
now activated a second process of atomic rearrangement will be initiated 
which will spread through the cold worked metal so that a recrystallized 
nucleus is formed of a size restricted more by the damping of the process 
in its passage through the matrix than by the halting effect of dispersed 
a(~ locations. Thus both the processes are similar atomic rearrangements; 
each involving the initial activation of a small group of ato~ but differ-
1.3 
ing in the range over which they occur." 
Thus the activation energy of recrystallization may be considered 
as thermal energy per gram mole of the metal necessary for the atoms in 
the strained lattice to overcome an energy barrier so that an unstrained 
lattice may be for.med. 
In order to give a mathematical expression for the rate of recrystal-
lization it may be assumed that this process follows the natural exponen-
tial law of change and that the recrystallization rate is proportional to 
the fractional amount (1 - X) of the silver remaining to be recrystallized, 
then dX/dto{ (1- x) or a B (l- x) •••••••••••••••••••••••• (1). 
Since the process is activated, B is dependent on temperature and 
equal to c. e (-Q/RT), Where c is a constant, the value of which varies 
with the initial grain size and extent to which the silver has been cold 
worked, Q is the activation energy of the recrystallization process, R 
is the gas constant, and T is the absolute temperature. 
Thus equation (1) can be written as dx/dt c c(l- x). e(-Q/RT) •••• (2) 
(in accord with equation from Krupkowski &·Balicki15 ). 
15 Krupkowski, A. and Balicki, M., Acad. Sci. Tech. Varsovie, Vol. 4, 
p. 270, 1937. 
Separating variables: 
dX/1-x = c.e(-~/RT) dt ..•••••••.••••••••••••••••••••.••••••••.•.•• (3) 
lntegr~ting equation (3) we get t 
) (dx)/(l~x) = c.e(~/RT). ( dt where, 0 ;e x < l 
o Jo 
'Iherefore, -log(l-x) • log 1/(1-x) = c.e(-·.¥RT). t •••••••••••••••••• (4) 
or, log log ( 1/(1-x)j s log c f log t - ~/RT 
or, log t- log log (1/(1-x)]- log c f ~.t/RT 
or, log t- log log [ 1/(1-x)J .f. log 1/ c .f. ~RT •..•...••••••••••• ( 5). 
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Equation (5) shows that log t in the isothermal annealing of any cold 
worked ~ple varies with log log 1/1-x, which means that isothermal curves 
should have the same· shape and thus coincide when displaced along the log t 
scale. 
It is evident that for fixed values of x and c, log t is a linear 
function of 1/T. 
Thus for any arbitrary constant value of x and for a particular cold 
worked state (i.e. a fixed value of c) equation (5) may be rewritten as 
log t •b f ( ~ R)(l/T) ••••••••••••••••••••••••••••••••••••••••••(6) 
where b is a constant. Writing equation (6) in differential for.m we 
have 
d (log t) = ~/R. d (1/T) or 
d (1/T) / d (log t) = R/~ ···········••••••••••••••••••••••••••••(?). 
15 
EXPERI1£ENTAL MEI'HODS AND DATA 
History of tbe Silver Foil 
The spectrographic analysis of the impurities of the silver purchased 
from HanQ7 and Harman and used in this investigation was reported to be as 
follows: 
Copper • • • • • • • • • • • • • • • • • • • • • • • • 0.022% 
Iron • • • • • • • • • • • • • • • • • • • • • • • • 0. 0010 
Lead •••••••••••••••••••••••• 0.0065 
Silver (by difference) •••••••• 99.97 
'!he following elements were checked and found absent: 
Tin, Cadmiwn, Indium, Zinc, Arsenic, Jultimony, Bismuth, 
Phosphorus, Silicon, Alwni.nwn, Titaniwn, Magnesiwn, Zir-
conium, Nickel, Chromium, Cobalt, ~.Lolybdenum, Vanadium, 
Manganese, Tungsten, Platinum, Palladium, Gold, P~odium, 
Ruthenium, Iridium, and Osmium. (Report No. 478113, 
Lucius Pitkin, Inc.) 
A 3 inch by 0.75 inch by 0.225 inch bar of silver was sand cast, 
shaped on a milling machine, polished and etched to remove the disturbed 
metal layer due to machining and polishing, to a 3 inch by 0.75 inch by 
0.203 inch size piece. 
This piece was then electrolytically polished and etched with the 
following solution: 
Ethyl ~\lcohol • • • • • • • • • • • • • • • • • 7 50 cc 
......................... 
Perchloric Acid ••••••••••••••• 
140 cc 
50 cc. 
Che minute at a current density of 1.1 amperes was found satisfactory 
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to polish and at the same tiae to bring out the grain boundaries clearly. 
Photomicrographs at two places on the bar were made for the grain count. 
Average grain diameter was found to be 0.234 mm. (Photomicrographs Nos. 
1 and 2). 
This piece wes then cold rolled in a pair of 2 inch rolls in 32 re-
ductions from 0.203 inches to 0.007 inch thickness. The percentage cold 
reduction thus obtained was 96.55%. 
Etching Technique: 
The usual etching reagents such as HN03, HF, H2so4 and aqua regia were 
found unsuitable for the purpose because of their very slow rate of attack 
on silver. Eowever, a solution of the followingcomposition 
K2Cr2C (cone. aqueous solution) 100 cc 
NaCl (cone. aqueous solution) - 2 cc 
H2S04 (cone.) 10 cc 
was foWld to etch silver in a unique way. en keeping the silver foil in 
this solution, a greyish white film is formed on the surface of the metal, 
which on pressing the specimen lightly between the fingers, slips off like 
a thin skin. ~.~Jith frequent washings, about one hour and fifteen minutes 
were required to etch the specimen fram 0.007 inch to 0.0045 inch thickness. 
Elimination of surface textures of rolled silver: 
To determine the effect of friction of the rolls on the surface layers 
of severely coid rolled silver foil, (113) reflection intensities of a 
specimen were determined in the as rolled condition and after etching off 
different amounts of metal from the rolled surfaces. Ml intensity of 2.8 
in the cold rolled specimen progressively decreased to a final value of 
No~ 2 




0.9 after etching one thousandth of an inch of metal from each of the 
rolling surfaces. Further etching did not affect the (113) reflection 
intensity, but the sa.n~e specimen on full annealing gave a value of 5 .6. 
This definitely shows that the surface layers of a severely cold rolled 
silver foil are partially recrystallized. 
Thus it is evident that to make a correct determination of the a.Inount 
of material recrystallized by x-ray diffraction method, both of the sur-
face layers of specimens must be etched off by one thousandth of an inch 
each. 
Heat Treating Apparatus: 
Specimens of one inch length from this 0.75 inch wide and 0.0045 inch 
thick foil were subjected to heat treatment for various times at 161.5°, 
138.8°, 131.7°, ll7o7°, and 99.5°Co Above 165°C the rate of recr.ystal-
lizatian was too great to yield any accurate results by the x-ray method 
used in this work, and at 208°C recrystallization was completed within 
one minute of annealing. 
'lbe specimens were heat treated by suspending them in organic liquids 
boiling under atmospheric pressure. This method provided constant temper-
atures and allowed the specimens to be brought to temperatures and :1uenched 
rapidly; so that the time at temperature could be determined accurately. 
The apparatus consisted of a three necked flask, for boil~ng the liquid, 
surmounted by a water-cooled reflux conrienser, and provided with a ther-
mometer which allowed the exact temperature of the liquid to be read 
directly. The specimen was held in a coil formed at one end of a nichrome 
wire, the other end being fused into a glass rod which was used for sus-
pending this specimen into the bath through a rubber stopper from one of 
19 
the necks. Table 1 (page 20) lists the organic liquids used in this work 
and the temperatures at which they boiled. These boiling points were de-
termined directly with a calibrated thermometer in the apparatus just 
described. 
Bragg-reflection Measurements: 
Each specimen, after treatment, was slipped under two friction held 
wire loops of a specially designed mount which in its tuzn can be slipped 
into a rotating sample holder, for use with a Geiger counter x-ray spec-
trometer. The Geiger tube is allowed to run two degrees before and two 
degrees after the angle at which the characteristic reflection occurs. 
Four readings for each of (113) and (220) reflections from the surface 
of a rotating sample were taken and their mean determined. 
A narrow slit (0.22mm by 0.07mm) was used at the x-ray source and a 
wide slit (0.58mm by O.lmm) at the counter in order to obtain an integrated 
intensity whatever the line width. 
Ree~stallization Data: 
Tables 2, 3, 4, 5 and 6 (pages 21-25) show the reflection intensities 
at various times for each of the temperatures used. Figures 1, 2, 3, 4 
and 5 (pages 26-30) show the intensities of (ll3) reflections plotted 
against the logarithm of the time at 161.5°, 138.8°, 131.7°, 117.7°, and 
99.5°C., respectively. Figure 6 (page 31) shows the intensity of (113) 
reflection expressed as percentage of material transfor-med, plotted against 
the logarithm of the t ime at each temperature. (Maximum intensity corres-
ponds to 100% transformation). 
The time for 50% recrystallization ( t ) was read from the smoothed 
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TABLE I 
No. Liquid Temperature c 
1. Cyclo-hexanol 161.5 
2. m-Xylene 138.8 
3. Etnylene Dibromide 1)1.7 
4. n-Butyl Al~ohol 117.7 
5o s-Butyl Alcohol 99.5 
21 
TABLE 2 
Annealir!g Temperature 161.5•c 
Annealing Ti.e Intensity of Bragg Re~lection 
in 
Minutes (113) (220) 
0 (as rolled) 0.5 6.05 
0.5 1.)6 7.6 
1 2.3 7.8 
1.5 3.92 .5.26 







Annealing Temperature 13 8 • 8 • C 
Annealing Time Intensit~~ of Bragg Reflection 
in 
Minutes (113) (220) 
0 (as rolled) 0.4 .5.71 
1 o.L. 6.0 
2 0.81 9.2 
3 1.35 7.1 
4 1.74 s.o 
6 3ol 3.3 
8 3.2 4.1 
12 ).9 3.9 
16 4.13 3.1 
20 4.06 ].36 
30 4.15 5.36 
23 
TABLE 4 
Af' ..J1ealing Time Intensity of 3ragg Reflection 
in 
:Minutes (113) (220) 
0 ( a:J rolled) o.5 5.0 
1 o.5 7.15 
2 o. 75 So5 
I 0.92 5.25 ~ 
6 1.75 5.4 
8 2.48 3.92 
16 3.5 3.3 
30 4.3 
45 4.15 3·5 
24 
TABLE $ 
Annealing Temperature 117.7•c 
No . .Annealing Time Intensit.y of Bragg Reflection 
in 
Minutes (113) (220) 
1 0 (as rolled) 0.45 s.a5 
2 1 o.4S S.67 
3 2 o.6 6.09 
4· 4 o.6 7.18 
5 8 l.SS 5.47 
6 16 2.6 4.57 
7 32 4.1 2.95 
8 45 4.8 2.6 
9 64 4.8 3.51 
10 81 4. 8 4.3 
25 
TABLE 6 
Annealing Temperature 99.5•c 
No. Annealing Time Intensity o£ Bragg Reflection 
in 
1finutes (113) (220) 
1 0 (as rolled) 0.4 5.45 
2 4 0.4 5.48 
3 10 0.6 5.4 
4 20 0.6 5.57 
5 40 1.05 5.3 
6 70 1.75 6.39 
7 100 2.2 4.78 
8 150 )o75 ).15 
9 250 4.0 2o55 
10 350 4.0 2.15 
11 450 4.0 3.45 
26 
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isothermal curves, and these values are listed in Table 7 (page 33) along 
with the reciprocal of the corresponding absolute temperatures <$) .; The 
plot of 1 versus log t (time in minutes for half recrystallization) is 
T 
shown in Figure 7 (page 34). The points fall very closely on a straight 
line. The slope of this line was accurately determined by applying the 
method of least squares to the five experimental observations. 
Let 
Then 
1 : x (log t) f by 
T 
1 = M and log t : a 
T 
ll :: ax .f. by. 
To form the equations: 
~a2 . xf iab • Y= 





b.~ { Slo .x. 




The data from the five experimental observations are listed in Table 8 
(page 35). Substituting the values of ~a2 , !b2, and i_ab equations (7) 
and (8) becane 
6.826J X f 4.9069 y: 0.012587 
and 4.9069 x f 5 y • 0.012437 
from which x = 0.0001899 
y = 0.002301 
(Note: These final values of x and y will be referred to as xf and Yr)o 
Activation Energy of Recrrstallization: 
1 
R- d (T) = X Q d (log t) 
33 
TABLE 7 
No. T•K 1/T t in minutes 
1. 434.66 0.002)00 1.42 
2. 411.96 0.002427 4.75 
3. 404.86 0.002469 8.3 
h. 390.86 0.002558 15.5 
5. 372.66 0.002683 93 
T • Temperature of annealing 
t • Time for 50% recrystallization 
.
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TABLE 8 35 
Ne. a \)•1 M a2 12 aM 
1 0.1523 1 0.002.300 0.2319 1 0.000350.3 0.002.300 2.389150.3 
2 0.6767 1 0.002427 0.4579 1 0.001642 0.002~7 .3.1410960 
3 0.9191 1 0.002469 0.8447 1 0.002269 0.002469 3.7710070 
4 1.1903 1 0.002558 1.4].68 1 0.00.3045 0.002558 4.6152610 
5 1.9685 1 0.002683 .3.8750 1 0.005281 0.002683 7.8541470 
4.9069 5 0.012437 6.8263 5 0.0125873 0.012437 21.7706613 
or Q R 
x 
• 1.9871. x 2.30.3_ = 24098 eal.s/gm. mol.e 
0.0001899 
or 24.1 Kcals/gm mol.e. 
Probabl.e Error: 
! = Xr (log t) .f by:r 
T 
or ~ (1og t) .f. by r - !. = v ••••••••••••••••••••••.••••••••••••••• ( 9) 
T 
where V is the residual. error. 
Taking the ca1eu1ated values of X:r and Y:r and substituting different set,a 
of the values for 1 and l.og t., the residual. error is eal.cu1ated for each T . . 
of the five experimental. observations. ,(See Tabl.e 9, page 37). 
Now l.et 
~a~x f. iab • y • A]. 
or 6.8263x ~ 4.9069y • A1 ····•••••••••••••••••••••••••••••••••••••(10) 
and i_ ab • x f. ~ b 2 • y • A2 
or 4.9069x ~ 5y • A2 ••••••••••••••••• 
From equations (l.O) and (ll.) 
X : 0.497.3A]. - 0.4881A2 
and y = o.6789A2 - 0.4881A1 
or x i • A]. f. J. 2 
and y K • A1 f. L • ~ 
where i • 0.4973 , J • 0.4881 
K • 0.6789 , L • 0.4881 
••• .•.•..............•. (~) 
The term ! is call.ed the weight of x and the t,e l. ie cal.led the eight 
i L 




No. 1/T log t +V 
-V v2 
1 0.002300 0.1523 2.992 X 10-6 8.9521 x 1o-10 
2 0.002427 0.6767 0.2$05 X 10-5 0.062765 X 10-10 
3 0.002469 0.9191 o.6537 x lo-6 0.4273 x lo-10 
4 o.oo2558 1.1903 - 3.1 x lo-s 9.61 x 1o-10 
5 0.002683 lo9685 o.82 x 1o-s 0.6724 x 10-10 
3.90 x 10-5 ).92 X lO-b 19.7246 x 10-10 
and weight. of y = 1 • 1~4728 
o.6789 
Now the probable error of the unknowns r • 0.6745/ i_V2/n-q ••••••••• (12) 
where n • number of observations • 5 
and q • number of variables • 2 (1 and log t) 
T 
Therefore rx = ~ rl/! = 1.2196 x lo-5 
I i . 
Now Q • R • 24098 cals/ gm mole 
xr 
and Q~ • R • 22643 cals/gm mole. 
Xr f. rx 
'ftleref'ore Q - Q' = 1455 cals/gm mole. 
Thus the probable error in the value of Q is ~ 1.5 Kcals/gm. mole or 6.0,3%. 
Results: 
Q • 24ol ± 1.5 Kca1s/gm mole. 
39 
DISCUSSION OF RESULTS 
Before considering the specific results of this investigation, an 
explanation as to why this particular x-ray technique has been employed 
in this work is worthwhile. 
It is known that the course of recrystallization in a cold worked 
metal can be followed by determining the change in any of the physical. 
properties, such as grain size, hardness, tensile strength, shift in the 
preferred orientation of _the cr.ystallites, etc., that change from the 
cold worked to the annealed state. 
It is considered that recrystallization consists in the formation 
of new nuclei and the growth of these nuclei, a process that continues 
until the matrix is completely consumed and the original set of grains 
16 
entirely replaced by the new ones • These new grains, even after the 
l6 Westgren, A; Phragmen G. and Negreseo, T., Jnl. Iron and Steel 
Inst., Vol. ll7, p. 383-400, 1928. 
metal has been fully recrystallized show an increasing grain size with 
time. This phenomenon in an essentially completely recrystallized and 
strain free structure is known as grain growth. Grain growth proceeds 
by the absorption of grains, usual1y of smaller by ~arger grains, and 
undoubtedly accompanies and OYerlaps recrystallization, at least to sane 
degree17• Thus it is evident from the preceding remarks that it is not 
17 Mehl, R. F., Recrystallization, .ASM Metals Handbook, p. 203. 
possible to accurately determine the end of recrystallization in a meta1 
by metallographi.c techniques. This shows that an accurate recrystalliza-
40 
tion rate curve cannot be determined from the data thus obtained. 
The use of hardness measurements and tensile tests for deter-mining 
the amount of material recrystallized in a cold worked metal is not ideal 
for the simple reason that some amount of mechanical work is done on the 
metal in the very act of measuring these prope.rties. 
The x-ray diffraction method, on the contrary, is unique in the sense 
that it is free fram the defects inherent in the above mentioned techniques. 
By preparing a sufficient number of specimens at suitable intervals the 
start and completion or recrystallization can be accurately deter.mined. 
The oril.y 1imitation of this ·method is that it can be applied only to those 
meta1s which show a decided shift in the orientation of crystallites with 
recr.ystallization. 
In conformity with the rolled and annealed textures of silver reported 
in 1i tera ture2 , tne co1d rolled specimens produced very strong (220) and 
very weak(ll3) reflections, whereas the annealed specimens _produced very 
weak (220) and very strong (113) reflections. If this shift in the two 
orientations was a direct consequence of on1y recrystal 1 i zation with other 
interfering phenomenon being absent, it would be logical to expect the 
(113) reflection intensity to steadily increaee and the (220) refl.ectic:m 
intensity to steadily decrease with recrystallization and reach a maximum 
constant val.ue in the case of (113) line and a mjnjm_um constant in the 
·case of (220) line on completic:m of this process. It was experimentally 
determined that the (ll3) reflection intensity steadily increased from a 
very low value to a maximum of about ~ of the original val.ue. However, 
in the case of (220) reflections, the val.ue increased appreciabl.y instead 
of decreasing~ reached a maximum and then steadily decreased to a minimum. 
This minimum va1ue was found to occur at a time when the (ll3) re.fl.ection 
reached its maximum, or in other words, when the recrystallization was 
completed. Thus it is evident that while the (113) orientation shift is 
a direct consequence of recrystallization, the (220) line shift is attend-
ant with some other phenomenon, presumably recovery, which interferes with 
its steady decrease. The determination of recrystallization rate curves, 
therefore, was based an the (113) reflection data and (220) reflection 
values were used only as a check on the (ll3) reflection intensities to 
deter.mine the completion of recrystallization. 
The (113) reflection intensity from 96.55% cold rolled silver foil 
of 0.007 inches thickness was famd to decrease until a minimum was reached 
when 0.001 inch of the surface layer had been removed by etching. '!be be-
havior of this kind is no doubt a demonstration of the tendency to self-
annealing, to which severely cold rolled silver is known to be prone. 
The work of '1ood18 reveals that silver, very similar in purity to that 
18 Wood, W. A., Proc. Royal Soc., Vol. 172, p. 231-241, 1936. 
used in this investigation, started to self-anneal when 60% reduction was 
reached. 
Figures 1 to 5 (pages 26-30) show plots of the (113) Bragg-reflection 
intensity vs logari~ of time of annealing at 161.5°, 138.8°, 131.7°, 
117.7°, and 99.5°C respectively. These isothermal curves were drawn by 
graphically averaging the experimental points. 
The intensity ordinate in all the five curves was divided into ten 
equal parts and the curves were redrawn on one graph sheet to the same 
scale, thereby converting the intensity values to those of percent recrys-
tallizaticn. It will be noted that as indicated by equaticm ( 5) (page 13) 
all of the isothermal curves have the same shape and thus coincide when 
disp~aced _ along the log scale (Figure 6, page 3~). As the rate of re-
crystal1ization is directly proportional to the amount of unrecrysta.l.~ 
llzed material in:·a metal, a plot of percent recrystallization vs time 
42 
on ordinary scale would have a greater slope in the beginning and a rel.-
ative~ smaller slope near the completion of recrystallization. Due to 
the inherent characteristics of a log scale, an isothermal curve drawn an 
such a scale shows a much steeper start and a relatively less steep finish, 
thereby necessitating ~ mental correction ~ile studying such curves. 
Figure 7 (page 34) is a plot of the reciprocal of absolute temp 
vs the log of time for 50 percent reccystallizat.ion. The slope for draw-
ing a line through the experimental points was ca1culated by appl.y:ing the 
least squares- method to the experimEntal data. Cal.cul.ations for the 
probable err6r were made and a probable error of approximately 6% in the 
value of the calculated activation energy was determined. Activation 
energy of recrystallization in cold drawn silver wire, determined by em-
ploying the change in the tensile properties of the wire ith recrystal.-
lizatian for drawing the isothermal curves, has been recently reported12 
with a probable error of approximately 28%. 'Ibis clearly demonstrates 
that th x-ray diffraction technique does yield accurate and reliable re-
sults for the determination of activation energy of recrystallization in 




1. Same degree of self-annealing is produced in the surface layers 
of a severely cold rolled silver. It has been experimentally deter-
mined that a 96.55% cold rolled silver foil of 0.007 inches thickness 
is partially recrystallized to a depth of 0.001 inches on the rolled 
surfaces. 
2. (113) Bragg-reflection intensity steadily increases from a low 
value in the cold rolled metal to a maximum of about 600% of the orig-
inal value in the completely recrystallized metal, thus indicating 
that this shift is a direct consequence of the recrystallization pro-
cess in silver. 
3. (220) Bragg-reflection, instead of steadily decreasing to a mini-
mum as expected, first increases to a maximum value and then drops 
down to a minimum, thus indicating that this shift is attendant by same 
other phenomenon, presumably recovery, which interferes with the steady 
decrease of this reflection. 
4. Calculations based upon the data obtained from (ll3) reflection 
intensities yield a value of 24.1 ± 1.5 Kcals/gm mole as the activa-
tion energy of recrystallization in a 96.55% cold ·rolled silver foil 
of 99.97% purity. Thus the probable error in the value of activaticm 
energy of recrystallization is approximately ± 6%. Activation energy 
of recrystallization in cold drawn silver wire, determined by the 
change in tensile properties of the wire with recrystallization, has 
been recently reported with a probable error of approximately ±28%. 
This demonstrates that the x-ray diffraction technique is more accurate 
and reliable for the determination of activation energy of recrystalli-
zation in metals that show a decided shift. in their orientation~ wit.h the 
recr.ysta1lizatian process. 
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SUGGESTIC1\IS FOR FURTHER WORK 
1. A study of the behavior of (220) line intensity at annealing 
temperatures lower than the ones employed in this investigation would 
be worthwhile. I.f it be assumed that at lower temperatures the re-
covery process in silver is completed before the start of recrystalli-
zatioo, the (220) line would be expected to increase to a maximum and 
maintain that value. until it starts falling when recrystallization 
ensues. With the start and completion of recovery thus known, iso-
thermal curves for the recovery process can be determined to calculate 
its activation energy. 
2. To determine the relation between the amount of cold work done 
on silver and its activation energy of recrystallization, a similar 
investigation should be made on one silver sample after rolling it 
down to different thicknesses. 
3. A stuqy of the relation between the grain size of the metal be-
fore cold rolling and its activation energy of recrystallization could 
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